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Angular distributions of vector analyzing power, 4,, were measured for the ''B(7,d)'’B
and *C(7,d)!*C reactions. These analyzing powers were measured for each reaction at
seven energies, 100 keV apart, which spanned the same excitation-energy range in the com-
pound nuclei, 1>C and N, as existing measurements of the outgoing proton polarization,
Py, in the inverse reactions, 18(d,7)"'B and '*C(d,p)!*C. We find general agreement be-
tween P, and A, except in a region where the P, measurements are known to be difficult to
make. We are not yet convinced that this difference constitutes evidence for a violation of

time-reversal invariance.

NUCLEAR REACTIONS

UB(F,d)'®B measured A,(6,E) for

E =11.34 to 11.94 MeV. "C(7,d)"’C measured 4,(6,E) for E =13.79
to 14.39 MeV.

I. INTRODUCTION

Recently, Conzett et al.! claimed to have found
evidence for a violation of time-reversal invariance.
Their claim is based on observed differences be-
tween the outgoing particle polarization, Py, in the
"Li(*He,B)°Be reaction and the analyzing power, A,,
in the time-reversed reaction, °Be(3,°He)’Li. The
reported differences were much larger than the sta-
tistical errors and too large to be attributed to the
weak interaction. Smaller, but still significant,
differences were observed in a second experiment
when P, for *Be(*He, B)''B was compared with 4,
for 'B(3,°He)’Be. These data, if correct, would
represent the first case where the strong interaction
was seen to violate one of the fundamental quantum
mechanical symmetries. In the past two decades a
number of violations of fundamental quantum
mechanical symmetries have been observed which
have been attributed to weak interaction process-
es.>~> We have examined the polarization-
analyzing power equality independently of the re-
sults of Conzett et al.! in a similar mass and excita-
tion energy region by comparing previous P, data
for a single neutron transfer reaction to our new
measurements of 4, in the time-reversed reaction at
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the same excitation energy in the compound nu-
cleus.

II. EXPERIMENTAL METHOD AND RESULTS

We obtained from the literature two sets of polar-
ization data each with relatively small error bars
compared to typical polarization measurements,
and reasonably large values of P, over a large angu-
lar range. One set® is for 1>C(d,p)13C at E;=11.35
MeV, and the other’ is for °B(d,5)!'B at E;=2.05
MeV, where E; is the bombarding energy of the in-
cident deuteron beam before entering the target ma-
terial. Polarized proton beams of the appropriate
energy for the time-reversed reactions were obtained
from the Triangle Universities Nuclear Laboratory
(TUNL) tandem Van de Graaff accelerator and
analyzing powers, A4,, were measured for Bc
(B,d)*C and 'B(B,d)'°B.

Each set of measurements utilized four identical
detector telescopes mounted in a 60-cm diameter
scattering chamber. Two detectors were mounted
to the right of the beam and two at identical angles
to the left. In order to utilize particle identification,
the telescopes consisted of AE-E (energy loss-
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energy) detector pairs for the *C target and a AE-
E-E ., triple-detector combination for the !'B tar-
get. Particle separation was routinely possible for
the *C(7,d)!>C analyzing power measurements, as
witnessed by the typical spectra shown in Fig. 1.
The deuteron spectra for the '2C ground and first
excited state have no significant background.

For the !'B(5,d)'B reaction the low energy of
the deuteron reaction products and the presence of
proton and alpha-particle groups both of low energy
required care while measuring 4,. Very thin detec-
tors, 5—10 pm thick, were used as AE detectors,
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FIG. 1. Representative pulse-height spectra for the
BC(F,d)'?C reaction at 13.79 MeV and lab angle 95°
The top spectrum is the result of a mass identification
computer program which plots yield versus mass. The
reaction products are clearly separated into a proton
group and a deuteron group. The middle spectrum plots
yield versus energy for events which are stored in the
deuteron peak of the mass spectrum. The bottom spec-
trum plots yield versus energy for events which are stored
in the proton peak of the mass spectrum.

while 100 um thick E detectors were employed. All
of the deuteron reaction products were stopped in
these E detectors; however, many of the scattered
protons were energetic enough to penetrate beyond
the E detectors to veto counters placed immediately
behind the normal AE-E detector pair. The signals
from these veto detectors were then used in an-
ticoincidence to prevent the storage or misidentifi-
cation of the signals from protons which were not
stopped by the initial AE-E detector pair. The AE-
E detectors then provided particle identification of
the low-energy reaction products. Alpha particles
were easily separated from the lighter particles;
however, from Fig. 2 one sees that the deuteron
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FIG. 2. Representative pulse height spectra for the
'B(7,d)'°B reaction at 11.54 MeV and lab angle 90°.
The top spectrum is the result of a mass identification
computer program which plots yield versus mass. The
reaction products are separated into two groups, protons
and alpha particles. The shoulder on the right side of the
proton group is the yield from deuterons. The middle
spectrum plots yield versus energy for events which are
stored in the deuteron window of the mass spectrum.
The bottom spectrum plots yield versus energy for events
which are stored in the proton window of the mass spec-
trum. Since the proton and deuteron counts are not well
separated in the mass spectrum both protons and deu-
terons appear in the lower two spectra.
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contribution to the mass spectrum is a distinct
shoulder on the peak formed by low-energy inelasti-
cally scattered protons. For this reason it was
necessary to set particle windows such that the
“proton” gate stored low-energy proton peaks as
well as some deuterons, while the “deuteron” gate
stored the remainder of the deuteron counts as well
as some proton counts. The mass windows were
regularly checked at each new scattering angle to
minimize contamination of the deuteron peak in the
deuteron spectrum by protons. Typical spectra for
both mass windows are shown in Fig. 2.

Deuteron counts were extracted from all spectra
by peak fitting using the code MUFFIT.®> The deu-
teron peak of interest directly overlapped an inelast-
ically scattered proton peak at only a few angles.
To insure that the analyzing powers measured for
each angle would not contain some bias because of
unknown levels in '°B, proton background, or by
the fact that all of the deuteron counts were not
stored in one spectrum, etc., asymmetries were cal-
culated for the deuteron peak seen in both the pro-
ton and the deuteron spectrum. Where the deuteron
peak was not contaminated by a proton peak, the
two spectra gave analyzing powers equal within the
statistical uncertainties. Thus the results were sim-
ply averaged to determine the asymmetry reported
in this work. For the few angles where the deuteron
peak overlapped an inelastic proton peak to such an
extent that reliable peak fitting was not possible, no
asymmetry was extracted from the proton spec-
trum.

Measurements were made both with incident pro-
ton spin up and down for each angle, with the mass
windows held constant during this sequence. The
analyzing power was obtained from the experimen-
tal quantities by the method of Ref. 9. This method
causes instrumental asymmetries to cancel in first
order. The incident beam polarization was mea-
sured simultaneously with the 4, measurement for
each angle using a “He(p,p)*He polarization moni-
tor.! The >C target used for all measurements
was 20 keV thick; the !'B target was 6 keV. thick.
Both targets were self-supporting foils. The magnet
constant for the analyzing magnet which deter-
mined the proton beam energy for the analyzing
power measurements reported in this work has been
recently determined in an experiment in which two
resonances whose energies are well known from the
literature were studied. The >C(p,p)'>C resonance
at 14.231 MeV and the 2%Si(p,p)*®Si resonance at
5.838 MeV were observed under various image and
object slit conditions to determine the absolute ener-

gy of the proton beam and reproducibility of the
beam energy under various beam steering condi-
tions. All beam energies for the present measure-
ments are accurate to within +15 keV.

Angular distributions of 4, in the *C(7,d)'*C re-
action were obtained at seven energies between
E,=13.79 and 14.39 MeV in 100 keV steps. The
target in the 2C(d,)">C polarization measurement
was about 500 keV thick; therefore, we measured A,
for proton energies of about +300 keV from the
calculated mean proton energy in the target, 14.12
MeV, to assure that the correct region of the com-
pound nucleus was reached by the inverse reaction.
Data were taken in 10° steps between 25° and 155°
and are summarized in Fig. 3.

For the !'B (5,d)'°B reaction, data were obtained
at seven energies between E,=11.34 and 11.94
MeV in 100 keV steps over an angular range which
varied with incident proton energy. At E,=11.34
MeV, the A4, angular distribution extends from 25°
to 100° and increases 5° to 10° for each 100 keV in-
crease in E, (see Fig. 4). The target thickness in the
polarization measurement was about 400 keV,
therefore we measured A4, for a range of proton en-
ergies about + 200 to —400 keV from the proton
energy corresponding to the mean energy in the tar-
get for the inverse reaction, 11.76 MeV. These data
are are presented in Fig. 4. Note the data shown in
Fig. 4 are plotted in the laboratory reference frame.

In addition to the 4, angular distribution data,
excitation functions were taken at two angles for
both targets. The angles chosen were those for
which the largest variations with energy had been
observed in the 4, angular distributions. Also, for
the ''B target angles were chosen to avoid direct
overlap of the deuteron peaks with proton groups.
The 13C target measurements were made every 33
keV between 13.79 and 14.42 MeV at laboratory
scattering angles of 105° and 125°. For the !B tar-
get, data were obtained every 10 keV between 11.34
and 11.74 MeV at angles of 75° and 95° and were
later extended at 95° in 20 keV steps to 12.0 MeV.
These data are shown in Figs. 5 and 6. Since the
excitation function step sizes are larger than the tar-
get thicknesses, the entire excitation regions have
not been covered. The data in Figs. 5 and 6 reveal
no evidence for narrow resonant structures greater
in width than 13 and 4 keV, respectively.

III. POLARIZATION-ANALYZING
POWER COMPARISON

We first compare P, in '>C(d,5)*C (Ref. 6) with
A, for C(B,d)'’C measured in our work. Our
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FIG. 3. Vector analyzing power distribution data at seven energies for the 3C(7,d)!C reaction are indicated by the
geometric symbols. The uncertainty in each data point is less than or equal to the size of the symbol. Proton polariza-
tions at 11.35 MeV for the '>C(d, 5)'*C reaction are indicated by solid dots with error bars.

values of 4, agree well with the P, data for the an-
gular range 20° to 100°% see Fig. 3. At angles
beyond about 100°% the 4, and P, data are in phase
but differ substantially in amplitude. The cross sec-
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FIG. 4. Vector analyzing power distribution data at
seven energies for the !'B(7,d)!°B reaction are indicated
by the geometric symbols. The uncertainty in each data
point is less than or equal to the size of the symbol.

tion for the '2C(d,5)'*C reaction drops by a factor
of 10 from forward to back angles at E;=11.35
MeV, according to Ref. 6. Already at =25 the
proton peak of interest in the spectrum exhibited in
Ref. 6 has an appreciable background. Thus, in the
angular region where experimental differences ap-
pear, the polarization measurement is less reliable
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FIG. 5. Vector analyzing power excitation function
data for the *C(7,d)"2C reaction at lab angles of 105° and
125°. The energy step size is 33 keV from 13.79 to 14.42
MeV.
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FIG. 6. Vector analyzing power excitation function
data for the "B(7,d)'°B reaction at lab angles of 75° and
95°. The energy step size is 10 keV from 11.34 to 11.74
MeV and 20 keV for 11.74 to 12.0 MeV.

than both the 4, measurement of the inverse reac-
tion and the forward angle polarization measure-
ments. The discrepancies occur only over a small
angular range where the polarization data are rela-
tively difficult to obtain. This is unlike the results
of Ref. 1, where substantial differences between P,
and 4, were seen at essentially all angles. The au-
thors of Ref. 6 cannot now find any problem with
their experiment which could explain these differ-
ences.!! We contend that the observed difference
between P, and 4, in this comparison is not yet evi-
dence for a violation of time-reversal invariance.

We next consider a comparison of P, in
'°B(d,F)B'! (Ref. 7) and our 4, data for the inverse
reaction. The proton bombardlng energy of
E,=11.74 MeV for the ''B(7,d)'B reaction was
expected to match mean excitation energies in the
compound nucleus, 2C, with the time-reversed re-
action for E;=1.85 MeV at the center of the '°B
target. The excitation function data of Fig. 6 imply
a smooth decrease in 4, for this reaction over the
400 keV excitation energy region sampled by the
deuteron beam in the thick target of the P, meas-
urement. Since the angular distributions of 4, in
Fig. 4 indicate a regular energy dependence over
this region, we have calculated an angular distribu-
tion of 4, for a mean proton energy of 11.74 MeV.
This 4, dlstnbutlon is the cross section-weighted
average of the ''B(,d)!°B analyzing power data for
E,=11.54 to 11.94 MeV. Note that at back angles,
data was not available at each of the five energies.
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FIG. 7. Proton polarizations at 2.05 MeV for the
1°B(d, )''B reaction are indicated by solid dots with error
bars. The X symbols are cross section-weighted average
values of the vector analyzing power data of Fig. 4 for
the ''"B(F,d)'°B reaction. The dashed line is a guide to
the eye.

The cross sections used for this averaging process
were interpolated from excitation function measure-
ments in Ref. 12. The resulting mean A, distribu-
tion is compared to the °B(d,5)!'B P, data in Fig.
7. The dashed line of Fig. 7 is sxmply a guide to the
eye through the cross section-weighted average of
A, data points. It is clear from this figure that
current data present no evidence for a violation of
the polarization-analyzing power equality in this
pair of reactions. Agreement between the A, and P,
data for this pair of reactions does not depend on
the cross section data of Ref. 12. An 4, distribu-
tion calculated as the simple average of A, data at
the five energies, E, =11.54 to 11.94 MeV also falls
within the error bars of the P, distribution. The A,
data distribution for the mean energy, 11.74 MeV,
equally well reproduces the P, data.

IV. CONCLUSIONS

We have demonstrated good agreement between
P, for 2C(d,p)*C and '°B(@, P)V'B with A, for
the time-reversed reactions, *C(F, d)”C and
"B(5,d)!°B at approximately matching excitation
energies in the compound nuclei N and '2C,
respectively. This agreement is consistent for both
pairs of inverse reactions over a wide angular range;
however, some differences between P, and 4, per-



sist at a limited number of backward angles in the
carbon case. Certainly the differences observed be-
tween P, and A4, in this work are not nearly as
striking as in Ref. 1. Considering the experimental
difficulties of measuring a statistically reliable po-
larization angular distribution, we see no convincing
evidence in these data for the presence of a violation
of the polarization-analyzing power equality in
these single-nucleon transfer reactions.
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